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SUMMARY

This report contains the algorithms necessary for constructing an
aircraft flight path which contains a glideslope change at a waypoint which
lies along a straight line. The report also contains the necessary algorithms
to reconstruct the glideslope change waypoint along a straight line in the
event the aircraft encounters a valid MLS update and transition in the ter-
minal approach area.

Results of a simulation of the Langley B737 aircraft utilizing these
algorithms are presented. The method is shown to reconstruct the neces-
sary flight path during MLS transition resulting in zero cross track error,
zero track angle error, and zero altitude error, thus requiring minimal

aircraft response.



INTRODUCTION

Previous studies have shown the advantages of eliminating cross track,
track angle and delta altitude errors through the method of a small path re-
construction at transition from TACAN to MLS navaids in the terminal area
(Refs. 1, 2, and 3). These studies have been confined to a path which
allowed vertical glideslope changes to occur only at the centers of turns.
Since some terminal area flight paths require glideslope change to occur along
a great circle (straight line) path, this study was undertaken to include glide-
slope change waypoints defined along straight line segments and to develop
algorithms for updating these waypoints, at transition, in a manner consistent
with the Continued Track Method outlined in Reference 3, in which the cross
track error, the track angle error, and the vertical altitude error are all
eliminated at the point of transition.

The algorithms are written in vector notation, consistent with the
guidance and RNAV equation used in References 1, 2, and 3.

The report contains the derivation of the algorithms and the results of
a computer study utilizing the equations for a variety of aircraft and runway

landing conditions.
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I. The Glideslope Change Waypoint Along a Straight Line

The input data required to define a great circle straight line on the Earth's

surface consists of the latitude and longitude of two consecutive waypoints on

that line. Thus, given >‘I s A 61 and 51+1 , we have

+1°

sin (GI)
WR (1) = - CcOoS (GI) sin (AI) 1)
cos (61) cos (AI)
and
) sin (GI+1)
WR (2) - cos (61+1) sin (AI+1) 2)

cos (61+1) cos (AI+1)

-~

The unit normal, WN(I) , perpendicular to the plane of the great circle

which contains WR(I) and WR(+1) is given by

wN@) = RO x WR({H) (3)

WR(@) x WR(+1)]

The difficulty in defining the input data for three consecutive waypoints, each
of which is to be required to lie in the same great circle plane, is that oné has
to solve a nonlinear equation for the intermediate latitude and longitude of the
middle waypoint. In order to simplify the input data requirements, it is
sufficient to input an approximate latitude and an approximate longitude for
the interior point not necessarily on the line, plus a numerical index identi-
fying a glideslope change waypoint.' The path generation algorithm, stored in
the computer memory, will automatically relocate the approximate Wa)ypoint,
V?/'R(I+1), associated with propef index, on to the great circle, utilizing the

cross track error algorithm for finding the desired unit vector, WD, on a



great circle path, given the unit waypoint, (I+1), and the unit normal,
WN(I), defined by the vector cross product of WR(I) and WR(I+2)

The index recommended for use in this report is to define the radius
of desired circle, R, (I), associated with glideslope change waypoint,
WR(I+1), to be zero. .

Thus, in computing the unit normal, Equation (3), between two successive
Waypoifts, if the radius of the turn circle, RT (I), associated with the way-
point WR(I+1) is equal to zero (0.), the algorithm for determining the unit

normal is given by,
If, RT(I) = 0. (4a)

then

wN@ = VRO x WR(:2) )

WRD x WR@+2)]

and the relocated glideslope change waypoint, WR(I+1) becomes

A

WD =

cos b

{WR(I+1) -sinb WN(I)} (5a)

where

cosb = WR(I+1) - WN(I)

and . (5‘b)

sinb = \|1—coszb

Finally, if the radius of the turn, RT(I) » associated with the glide-

slope change waypoint, WR(I+1), is zero, we determine the unit normal,

WN(I+1), to be equal to the previous unit normal, WN(). Thus,

if, R = 0. (62)



Then .
WN(I+1) = WN() (6b)

The only additional change that is required in the algorithm for path
construction is to set the required turn angle, ¥ (I) , associated with the
glideslope change waypoint, V‘\\IR(I), whose radius, RT(I) , is equal to zero.
Thus,

If, R.@M = 0. (7a)
Then, W(I) = 0. (7Tb)

This is required because the computation for the turn angle, ¥ (I), is
obtained by means of an arc tangent routine, and some round off inaccuracies
could result in a setting () equal to some small angle, thus producing an
error in the distance to go logic.

The geometric equivalent of Equations (4b), (5a), and (6b) are shown in
Figure 1.

For a normal first interior waypoint, containing a finite non-zero turn
radius, RT(l), the path generation algorithms will produce two contiguous
segments. The first segment is a great circle (straight line) beginning at the
initial unit waypoint, \KfR(l), and terminating at the first incoming unit tan-
gent vector, 131(1), which marks the start of the turn. The second segment
is the first half of the tui'n about the first unit center turn vector, éR(l).
This segment starts at PI(1) and terminates at the middle of the turn, marked
by the unit vector , \?VC(I). The logic for changing glideslope is restricted to
discontinuities at these unit middle of the turn vectors, Vt’C(I).

For a normal path generation sequence, arising from the first turn to
the second turn, the existing algorithms will create three segments. The
first segment is the second half of the first tu1;n, starting at \;VC(l) and ter-
minating at the outgoing unit l:angent vector, PI(2). The second segment is a
great circle beginning with PI(2) and terminating at the start of the second

turn, the unit incoming tangent vector PI(3). The final, third segment is the

5



first half of the second turn about the second unit center of turn vector,
EJR(2) associated with the turn radius, RT(2).

By using the zero magnitude of the turn radius, associated with the
glideslope change waypoint, as the index, we are able to retain all the above

logic without change. Thus,

= 0.
The existing algorithms will automatically set the required unit vectors
equal to one another.

A

PI(2I-1) = WC(I) = PI(2I) = CR(I) = WR() (8b)
In this manner, the existing logic for providing for glideslope discontinuities at the
middle of each turn, the glideslope change waypoint, WR({I), will automatically

be provided for. See Figure 2.



WR(I+2) WD

| !
WR(+1)
WN(I+1)
-
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WN{I) -
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-
WR(T) 4

Figure 1,—Path construction for a glideslope waypoint on
a great circle.



h (1+1)
PI(2I-1) we PI(2I)

Figure 2(a).—Glideslope change for RT() > 0.

h(I+1)

A

PI(2I-1) = 131(21) = WC() = (SR(I)

Figure 2(b).—Glideslope change for RT(I) = 0.



II. Glideslope Change Waypoint Reconstruction Following Valid MLS Transition

We assume that at the onset of a valid MLS, we are traversing a great
circle path (straight line) containing an oncoming glideslope change waypoint.

Utilizing the transition logic for the Continued Track, (Ref. 3), we set

Utilizing existing RNAV equations, based on the MLS update, we may
obtain the aircraft latitude, § (MLS), longitude, A (MLS), and altitude,
h (MLS). We now set our first bulk storage waypoint data to be

A @ =  A(MLS)

§(Q1) = 6(MLS)

h(@) = h(MLS) (9a)
IcCA = 0
VG (1) = VG(RNAV)

This defines the first waypoint to be

sin (GMLS)

WR(@1) = { -cos (6MLS) sin QA (9b)

MLS)
cos (GMLS) cos O‘M LS)

This provides zero cross track error. The RNAV equations yield the velocity
of the aircraft relative to the rotating Earth, in inertial coordinates, RE ®) .

The unit normal, \‘ifN(l) » is computed in the same fashion as in Reference 3
for the Continued Track

WR() x Rp )

WNQ) = = a
wra) = R ) |

(9¢)

This guarantees zero track angle error.

Since we have assumed that we are on a great c'ir cle and that the next
waypoint is a glideslope change waypoint, the radius of next waypoint will

be zero.
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R, @M = 0. (9d)

then we set into bulk data

R, = R.@® - | (%)
and

A@) = A

6(2) = X(I+1) (9f)

IC(2) =0

VG(2) = VG(I+1)

Before accepting the altitude of glideslope change waypoint, h(I+1), we
must first test to see if we are too close to the oncoming waypoint. This is
necessary since we wish to avoid a double change in glideslope over a short

time interval.

A

Given the existing normal, WN(1) and the latitude and longitude of the

next waypoint, we have

sin <6 @) ;
WR@) = { -cos (5(2)) sin @(2))- (10)
cos <6 (2)> cos (A (2);..

A

The desired location of WR(2) on the Continued Track great circle is given

by Equations 5(a) and 5(b).

A _ 1 ) . ~
WD = — {VVR(Z) - ginb WN(I)} (11a)

where

cosb = WR(2) - V?IN(I)

sinb =V1-coszb

(11b)



To obtain the distance to go from WR(1) to WD, we have

-1 o -

DIST = Ry « (s (| wr x wD@) D> (12)
If

DIST > VERLIM

(13a)

h2) = h(@+1)
If

DIST < VERLIM

h@) = h(1)+ GRAD() * DIST (13b)

A typical value for VERLIM is 1 kilometer, which is preset in data
bulk storage. See Figure 3.

The remainder of the bulk storage required for path reconstruction is
identical to that given in Reference 3 for the Continued Path Construction.

Finally, a change in the logic for calling in the next segment is re-
quired if we have come to the end of the great circle segment and the next
waypoint is a glideslope change waypoint or a great circle.

If the time to go, TOGO, is triggered and RT(I) = 0., then we update

the segment counter by three, in order to skip over the three interior segments

associated with the zero turn angle.

11



IOI. Simulation Study of the Glideslope Change Waypoint Reconstruction

A. Description of the Simulation Test Data

This section contains computer generated plots of computer
runs carried out using the FILCOMP prograni. The FILCOMP program
was augmented to provide the algorithms described in Section I and II of this
report to permit for the inclusion of interior waypoints at which glideslope
changes occur along a straight line segment. Each run consists of three sets
of plots.

The first half-page in each series contains a plot of the aircraft ground
track illustrating the original and reconstructed paths. The original waypoint
data point is indicated by a point enclosed by a diamond. The reconstructed
waypoint is marked by a point contained in a circle. The glideslope change
waypoint is indicated by a point enclosed in a diamond (or a circle) and may be
recognized by the fact that it occurs along a straight line segment of the ground
track. The boundary limit of the MLS azimuth antenna are marked by a dashed
line emanating from the azimuth antenna. The boundary limit of the elevation
antenna is illustrated by a dashed line emanating from the antenna site to the
right of the beginning of the runway. The initial point at the start of each tra-
jectory is indicated by a point enclosed in a diamond. In some instances this
may occur too far away to be contained on the plot.

Transition occurs immediately after all three MLS signals are received
valid. The last to come in is usually the elevation signal and transition occurs
when the ground track and the elevation boundary intersect. Since this series
of simulation runs is designed to illustrate the path reconstruction for glide-
slope change waypoints occurring on a straight line segment, the reconstructed
glideslope change waypoint will be found adjacent to the original waypoint along
the straight line segment when the vertical path slope discontinuity occurs.

The cases investigated in this series include:

(1) Glideslope change waypoint reconstruction on the first leg with a

short distance to go.

12



(2) Glideslope change waypoint reconstruction on the first leg with
a distance to go greater than VERLIM.

(3)- Glideslope change waypoint reconstruction between two turns.

(4) Glideslope change waypoint reconstruction on the last straight line
segment leading to the touchdown.

The second half of the first page in each series contains a plot of the
altitude (meters) time history from the initial time to touchdown.
The second page of each case consists of seven plots of pertinent data

as a function of time. These consist of the following:

(1) Glide path deviation in meters for both the true deviation and the
estimated deviation for the particular navigation filter in use in the guidance

loop for aircraft control.

(2) Aircraft pitch angle in degrees for the true pitch, the measured
pitch output of the IMU (used in the complementary filter) and the estimated
pitch corrected for the estimated gyro drift bias (used in the Kalman filter

output).

(3) Aircraft altitude rate, measured in meters per second, for both
the true rate of climb and the estimated rate obtained by the particular filter

supplying the control system equations.

4), (5), (6) Errors in the estimate of the forward, lateral, and vertical
coordinates of the aircraft measured in the flat Earth runway coordinate system

for both the Kalman and the complementary filters, measured in meters.

(7) Error in the estimate of the forward velocity component, klR ’
in the runway coordinate system, measured in meters per second for both

the complementary and the Kalman filters.

The third and last page of each series contains eight plots of data as a

function of time. ‘These consist of the following:

(1) Cross track error, measured in meters, for both the true CRTE and
the estimated CRTE obtained by the navigation filter used to supply the guidance

equations.
13



(2) Track angle error, converted from degrees to the time rate of
change of cross track error by multiplying by the ground speed. Both the

true track angle error and the estimated track angle error ‘supplying the

sured roll angle corrected for the gyro drift bias (used in the Kalman filter

estimate of the aircraft roll angle).

(4) Error in the north complement of the wind, in meters per second,

for both the Kalman and the complementary filters.

(5) Error in the estimate of the west component of the wind, in meters

per second, for both the Kalman and the complementary filters.

(6) Difference between the true desired airspeed and the true airspeed.
A second plot also shows the difference between the true ground speed and
the true airspeed. The curves are mirror images of one another in the event

the winds are zero, and differ in the presence of finite winds.

A

(7) Error in the estimate of the lateral velocity component, X___ , in the

2R
runway coordinate system, measured in meters per second for both the Kalman

and the complementary filters.

(8) Error in the estimate of the vertical velocity component, X, ., in

3R
the runway coordinate system, measured in meters per second, for both the

Kalman and the complementary filters.

B. Discussion of the Results

Five cases are studied in this report. The first two illustrate
the ability of the method to construct and to reconstruct a glideslope change
on the initial straight line segment on the approach to the terminal area. The
first case, Figures 3(a), 3(), and 3(c) illustrates the behavior of the aircraft

in going from level flight to a 3° glideslope descent under the condition that

14



the VERLIM distance is only 60. 96 meters, (200 ft). With this small tolerance
the original altitude is left unchanged, and the aircraft attempts to execute two
changes in glideslope in a very short period of time, (1_o sec). The effect is
indicated in Plot 1, the glideslope deviation, in Figure 3(). The same ex-
treme behavior is indicated in Plot 3, of Figure 3(b), the time rate of change

of altitude reaches a peak value of -10 m/sec (32.81 ft/sec).

Case 2 illustrates the same approach conditions with a VERLIM of
914.4 meters (3000 ft). Here, the distance to the approaching glideslope
change waypoint is less than the VERLIM setting, and the altitude for the |
oncoming waypoint, at transition, is reset to maintain the initial zero glide-
slope, so that only one change in glide occurs. Plot 1 (Fig. 4()) shows a
large reduction in glideslope deviation, and Plot 3 (Fig. 4(b)) shows a maximum
altitude rate of 7 m/sec (21.4 ft/sec). Comparison of Case 1 and 2 illustrates
that a VERLIM of approximately 1000 meters (3280.8 ft) provides a comfor-
table transition and glideslope reconstruction along a straight line segment.

Case 3, Figures 5(a), 5()and 5(c) illustrate the ability to construct,
and to reconstruct, a glideslope change waypoint along an intermediate straight
line segment lying between two turns in the terminal area, Here, again, a
VERLIM of 814.4 meters (2482.2 ft) is sufficient to provide a comfortable
transition following the first valid MLS update along the intermediate straight
line segment. Plot 3 of Figure 5(b) shows a maximum of 6 m/sec (18.3 ft/sec)
vertical velocity required to achieve the change from zero glideslope to the 3O
glideslope descent.

Case 4, Figures 6(a), 6(b), and 6(c) illustrate that going to a larger value
of VERLIM, 1524 meters (5000 ft) produces very little additional improvement
in the response of the aircraft at transition to the required change in glideslope
for landing.

Case 5, Figures 7(a), 7(), and 7(c) illustrate the capability of the method
to design a more complicated landing approach pattern in which a change from
3% descent to a zero (0.0) glideslope is required just prior to landing in order
to avoid some obstacle. Here, the straight line segment along which the

glideslope change occurs is the final leg immediately prior to touchdown. The

method is seen to produce the required vertical path (Fig. 7(a)).
15
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TABLE I

VORTAC AND MLS STATION COORDINATES

VORTAC STATION COORDINATES

STATION LONGITUDE 40.40316
STATION LATITUDE -27.164894
STATION ALTITUDE 45.72 m

MLS STATION COORDINATES

AZIMUTH & DME LONGITUDE 40. 25
AZIMUTH & DME LATITUDE -77.025
AZIMUTH & DME ALTITUDE 0.

ELEVATION DISTANCE FROM RUNWAY COORDINATE FRAME ORIGIN

XEL(l) = 1000., XEL(2) = 254.78, XEL(3) = .47

RUNWAY HEADING = 30 °

17
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TABLE I

INPUT DATA FOR WAYPOINT CONSTRUCTION

A @D
Deg

-77. 1453838
~77.1394011
-77.13148869
~77. 0584522
-77. 02320521

CASES 1 and 2

6 @)
Deg

40.29759451
40.27189941
40. 23788553
40.20574384
40.25237254

h (@)

m

840.03

840.03

640,811

290,748
0.

Vp@
m/sec

74.594
74.594
69.449
64.305
64.305

IC

o © O o o

R @
m

0.

2286.
1524,
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TABLE 111

INPUT DATA FOR WAYPOINT CONSTRUCTION

A @D

Deg
-77.14538380
-77.13148869
-77.10196103
-77.05845224
-77.02320521

CASES 3 and 4

6@

Deg
40,29759451
40.23798553
40.2249002
40.20574384
40.25237254

h @)

m

490.118

490.118

490.118

290,748
0.

Vp @)

m/sec
74.594
74.594
69.449
64,305
64. 305

IC

o © o o ©

Rt (@)

2286.

1524,
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TABLE IV

INPUT DATA FOR WAYPOINT CONSTRUCTION

CASE 5
A @) 6 (D) "h @ Vp@)
Deg Deg m m/sec

-77.1453830 40. 29759451 762.00 74.594
-77.13148869  40,23788553 548,64 74.594
~-77.05845224  40.20574384 195.07 64.305
-77.04500673  40.22353989 195.07 64.305
-77.02320521  40.25237254 0. 64.305

o O O o ©

RT@

2286.
1524.
0.



3000

2800

2600

2400

2200

2000

1800

1600

ALTITUDE

1400
1200
1000
80D
600
400
200

UEIJLIIIIIL‘JIIII
"] 20 40 60

L B i B B L B B L 0 o N e e

120 140 160 180 200 220 240
TIME

VERLIM = 60.96 m

Aircraft Ground Track

Final Distance = 2,41 Nautical Miles

Figure 3(a). = Case 1.

Lo bava by boa b bevadaaadassdaaal
BD 100

260

280

300

21



GLD DEV.H

XPOS ER.M

YPOS ER.M

2POS ER.t

X0T ER.M/S

-28

PiTCH.DEG

s

HDOT.H/S

5
i

53?

1w
=

E

20

o,

@
|'T_|_T1

°T-1—I'TT1

o,

[TﬂQ’W

! ljn"'l'v_\"I
4

200

w%wmﬂﬁmm%m@mj i

/¢
=

QO True
(J Estimate

O Ppitch
[] Noisy Pitch
O Ppitch Est

TIME (SECI
D

ﬁT"rTT’r”W”T”’I"“T"I T TN e P

O True
(] Selected Est

TINE (SEC!

L] 50 e 100 120 L1 160 180 200 220 240 260 280 30
T—]‘T"r 1 1‘rT‘T I‘r‘r_l_[TTTT 1"|'T]‘r_'l_rT-I_T—r TTTa T—'—'_'1 T TT‘T‘F‘T_l_r'T Tﬁ“l"l']

O Kalman Est
[ Comp Est

TIHE [SEC
300

O Kalman Est
[ Comp Est

HHE |SEC)
300

@?‘ﬁ‘r‘in—l‘ﬁ Esu—r*r*rz BWTT 51 T Ta Ia]ggﬂﬁﬂ}g T 5:':‘:3 6:D—|——r—rj i

O Kalman Est
{J Comp Est

TIME ( SEC)
140 160

-

T T

20
T

T T T 7 s]n‘r_l_lilgﬁﬁ’ﬂ_l?u_rﬁ len W‘Tﬁ_l?ir’ﬁ%zz:‘/l e - T Inn:lfr‘l 27”1 7 lulm
M "~

OKalman Est
{OJcomp Est

Figure 3(b). - Case 1.




s

&

V _ OTrue
//;\ [Jselected Est

TlnE(SECl/\] kﬁj
||||||| ,f\w wllljw‘wu

O True
- [JSelected Est

Illll

=CRTE.H
jrooT ?

gd_—\"\\/‘\\lT‘\ly\\/M‘T1ll WWTT1[ ‘PI'T[—|—|-,’_°|‘°
I QO True
: (] Noisy
. _ O Estimate
E:' : ”HE ( SEC)
§ s e!;é[ 1 o P
: O Kalman
T 0 comp
'é 5— TIHE (SEC! 280 300
gmﬁ\ﬂﬂﬂmg—%&gﬂ%@xﬁm& T
<L O Kalman
- {7 comp
o F e
%: J\_ zo_[_T #Iu - "} - )}ﬂ_‘%_'_,/uvl’_"‘_dH 11 thmmﬂﬁﬁ—r—#ﬂ_f‘%ﬁ 2_r|1_‘7., T _ln
/$
z L \u‘————ﬂ/.—o
el
- O Airspeed - VG
s (O True Airspeed Err
E d: IME ¢ 5P
s e %ﬂﬁ%

&

YOT ER.M/S
T T 17T ?||||||

“<

Z0T ER.M/S
By
J>\\ |

O Kalman Est
[:] Comp Est

N ﬁﬁﬂaﬁww%ﬁ\ﬁ%ﬁw "

O Kalman Est
(] comp Est

E(SKQ N W:/\?;}qu 300
|11,] [ III‘lIIIIII 1r‘lTT T

,/’”

Figure 3(c). - Case 1.

23



24

VERLIM = 914,4 m

3000

2800

2600

2400

2200

2000

1800

1600

1400

ALTITUDE

L L B L L L T e vi:j]ul

1200

1000

800

600

400

200

[c] Y AT I IFIVIVI IFIF T I OFIT (P P N T A RN I N
0 200 4 8D B0 100 120 140 160 180 200 220

TIME

240 260 280

\
\
\
\
\
\
\
\
\
\
|
\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \
\
Y \
Y \
\
\ \
\
| |
\
\ \
Y \
\
| \
\ \
\ \
\ \
i \
\ \
\ \
\ \
\ Y
\ \
\ \
y \
\ \
\ \
\ \
\
\ \
\ \
\ \
\ \
| \
Y \
\ \
\
| \
\
\ \
\ \
\ \
\ \
\ \
\ \
>
. ]

Aircraft Ground Track

Final Distance = 2,41 Nautical Miles

Figure 4(a). = Case 2.

Piaad

300



O True

(O Estimate
TIME (
qgl\]ml%\/\ | ; :1?1;%1 = 280 280 300

O Pitch
[[] Noisy Pitch
O Pitch Est

GLD DEV.H

HHE lSEC)

Ah\ QM

s

PITCH.DEG
P
oo w; TTTT T oo

O True
(] Selected Est

— T,Tla

HDOT n/s

/\/-\ 12 ””E [SEcl)sn 180 200 220 290 260 280 390
[lll]lll|lx1]v|1||r|]T'lllxll]lllllll]v‘IIIVTTT—‘l—l—l—h—r—l—l

O Kalman Est
(J Comp Est

Zﬂﬂ - , 220 . erﬂ‘ o ZBDI 280 300
Wﬂ‘?ﬂ‘rﬂ—vﬂm—r—r—o—tpw - = TTT

I""_r

g

XPOS ER.H

H
..
m
3

O Kalman Est

zunp‘ H D Comp Est

T T

TIME (SEC)

K TIZIDI"ﬁ 1»4131115:11v lsu' r1w°IrI’JMIIT”ﬂV1T1” e 200 220 240 260 :‘]ﬂ'a'TT"TJ?O
A

'
-200

YPQS ER.M

O Kalman Est
[ Comp Est

£

HHE ISECI

T I T I 11 | T | (B [ 111 l L I ! \l [ TTo1 ] Tt I;;;;(X:jg :if3iﬂ53§5§?1‘1__r_7__r_1_1

OKalman Est
(Jcomp Est

TIHE (SECT
lﬂﬂ 1,
2 | N1 T |ﬁW\M

T TTT

2POS ER.M
o

Fﬁ“ﬂ’ﬂ‘jﬂ

XDT ER.M/S

Figure 4(b). = Case 2.

25



26

- V O True -
N\ ~—o— [Oselected Est
[e]
TIME (SEQ)
o 2 2 ﬁ%wwwwﬂ N ‘To V. ZT'l i ZTB | 0 zsnl% z:lan P
N

O True
[JSelected Est

-CRTE.H

s

‘éj j/@ . TIME (SEC)
e & IGD\W T/ ] lzfulll] T‘[—12Tul‘llan°
O True
. () Noisy
<> Estimate

TIME fSEC) o 2o 2e0 .

0 B 1 1, 1 201 {:] 3]

c T Ilull1W Illlll‘lTD] 1 ﬁé@"w]mﬂ
/ e

OKalman
E [OJcComp

TTHE [ SEC)

ﬂﬂ%ﬁtﬁﬁrﬁm 1 IT71

5
’
4
o
8

/
i
i
K

R OkKalman
Ocomp

/_D o
20 Wm% 00
‘lj—rT‘rjy [ jd)_u_*—qf—rﬂﬁ—?—l/_z?}\l_l—‘?;r’—l‘z‘?ﬁﬁlll1

HNOREY.M/S

O Airspeed - VG
C [J True Airspeed Err

-

DEL V.M/S
l %

O Kalman Est
4 Comp Est

i
oL /j/\\,
c L - £ (SECH
o« D 220 280 300
w T T 1 ] rT T R TT N T T I T “I
5
2

O Kalman Est
E] Comp Est

/\_\D\/\G
nT1‘l‘] T T le_]ﬂg_l]]gnlm

Vad

Figure 4(c). - Case 2.

207 ER,M/S




;

3000

2800

2600

2460

2200

2000

1800

1600

1400

ALTITUDE

1200

1000

800

= -3
<} a
S =]

o
S
S

©

o TIT [T TI T

VERLIM = 914,4 m

e
b

AL B

B A N I I (U I IR I B S
20 L1e) 60 ] 100 120 140 180 180 200 220 240 280 280 300
TIME

Aircraft Ground Track

Final Distance = 2, 35 Nautical Miles

Figure 5(;) - Case 3,

27



28

O True

= - [O Estimate
: zu\lf—ﬂﬁﬂ T 2T rwu o lz/[\:ﬂﬁ Y f “w%ﬁll 1 i =7 |m| 1 lm
%ﬁw\o %\,g/ijg Q‘yM el TER o VA
\o\_,o

GLD DEV.H

QO Pitch
[ Noisy Pitch
> Pitch Est

20

PITCH,DEG
o,

TIHE [ SEC)
40 60 80 140 160 240 260 280 300
1 gﬁ: X é 1 I 1 T ] Por ! 1 T T M 1 1 | L 1

" O True
: (] Selected Est

VE: = e TIME ( SECI
8 ||\:NWE>F?MD 11'iull'|'501||walllzngIIZ-f"l1|zi°|rlz7n‘1||27u|'llzun
2’,_\\;8%9
o O Kalman Est
F {J comp Est
L 20 50 60 80 100 120 140 150 80 200 . 220 240 260 280 300
8 _IIITI]IIIII'I'IT 111] -l-—v-q—q:—i—i——t—tp—l—h—l_fp - —l—T-aaq—I_'L;l—q)-l_J_l_q):_T‘l]1r'1
S (OkKalman Est
r- (Jcomp Est
e L TIME (SEC)
w 20 40 60 80 100 120 140 150 180 200 220 240 260 280 300
§ _T T T | T 17 I T T I—FT 1 l 1 11 T3 1717 111 w%j:ﬁ:eﬁg_é%,ﬂ‘fl'] [
2wl N O Kalman Est
" {J Comp Est
g TIME [ SECH
w 20 %0 60 80 lﬂnr 120 1M 180 180 200 220 240 280 280 300
8 |||,|||]|||,|Tl,1|r]‘r‘l_rllll',ll |1r,l|l{l‘11 T 1L ’rTTT‘I_I

e
! S O Kalman Est

{J comp Est

TINE 1SEC) 0
20 o B0 . . 100 120, 1450 180 220, 280 300
LR TTﬁ&W’?\NT T’[ 1 7 ] CTTTTT—I

XDT ER.M/S
o

Figure 5(). = Case 3.



O True
[)Selected Est

lg ) I \ ;I \ I VT § 240 250/ 280 00
O True
* [ Selected Est
g TIHE ISECI
i 20
g \ 7 “V E
O True
(] Noisy
20
(> Estimate
gj T LHE KSEEIIE i 280 00
g
O Kalman
T O comp
'éf . 40 60 100 TKNE lSEC] 280 o0
Q “% = @Tv TL&)_L@:E ] gﬂﬁ‘ 1 TTO T T
g - 00—
= \0,/0
<L O Kalman
i [lcomp
e[ v P
E:J 2”1"1 T!{DT TT%WBHWW,{!TT e 127091"1 R T lmu T lm o |37a
g AN 2\(]‘_’0_/1* rm I T
L o
L O
\o\ﬂ " QO Airspeed - VG

(O True Airspeed Err

T *\

DEL V.M/S

\—_ﬂ\_/n
O Kalman Est
(O Comp Est

O TINE (SEC) /\3
80 L1 100 20 220 280 300
FAEER A | v (3 |j1 T 1 T ‘r—l"r s

/ O Kalman Est
[j Comp Est

Figure 5(c). - Case 3.

YOT ERUS

20T ER.M/S

29



2800

2800

—

ALTITUDE

400

200

L L B B N B e

1y J

[1] PRI AEETE IFWPITE SIS TR AT PRI T RO I OV S I I

IREEN
20 40 60 8C 100 120 140 160 180 200 220 240 260 280 300
TIME

o

" VERLIM = 1524 m

Aircraft Ground Track

Final Distance = 2,35 Nautical Miles

Figure 6(a), = Case 4.



O True
C] Estimate

~—o QO Pitch
(] Noisy Pitch
O Pitch Est

PITCH.DEG

O True
[JSelected Est

OKalman Est
{J comp Est

TIME {SEC)
N 161

) 0 180 200 220 240 280 280 300
3P ﬂw—m@mﬁj—m—l

120

40 &0 o9 100
LA U [ L T |

XPOS ER.H
IIIIIHIFTII]
jm
3

R e T . S o

O Kalman Est
“T {7} Comp Est

TIME | SEC)

20 4 €0 L] {po 120 140 160 180 200 220 240 260 289 200
Tt T LT T T L gy, Emma

J
. P J
\Q\O’\/O

YPOS ER.M
o,

~200

[T

O Kalman Est

12—
C ) Comp Est
r b+
< L TIME (SEC)
ﬁ o 20 —T L] T 8 —T 1] — 100 — lzoI — |l|o] . 180 180 200 220 240 260 280 300
£ I f I | I 1
-

C) Kalman Est
0O Comp Est

XDOT ER.H/S

Figure 6(). -~ Case 4.

31



32

T V\w Qrewe

TlHE(SEC‘)
0 N[Illlll\/l\/l\f\'l\,rl II Il ]T]TT_T] 'I'lll_/J-IIIIIm

= O True
[()Selected Est

TIHE (SECI m @ ng
180 22D 200 300
T 1 i 10 }

O True
() Noisy
<> Estimate

TINE 1SEC)
&4:%‘{“7 T ITD1 a ~I'Z:'Ii"u‘ T %mﬂnﬁuqq 2_|UIH T !]UD
O Kalman

- J comp
N TIHE 'SEC]

WT]wng 1_r_¢3 ]gm rETD'mlM]’D

OKalman

E O Comp

-CRTE.H

XTKRTEH/S

ROLL.DEG

HNCREX.H/S
gy
=
H
@
8

/—G\D\u-\

100

[ 3] 1] _yﬁgﬁtﬂ‘n_ 180 200 220 240 260 280 300
El\\\fﬁwlll|lllllll |llTﬁ'IllI]|II|T?TIIﬁTﬁT]TYI]I1I]
_-/D
—— D

HNOREY .H/S

/‘o/
//_O—//o

O Airspeed - VG

OEL v.M/S

O Kalman Est
d Comp Est

YOT ER.M/S

O Kalman Est
O Comp Est

2DT ER.M/S

Figure 6(c). ~ Case 4,

(O True Airspeed Err



—

3000

2800

2600

2400

2200

2000

1800

1600

ALT]TUDE

1400

1200

1000

800

600

400

200

0

VERLIM =914,4 m

T

L S B L B B B 00 B B B i

7T

o

vialaas
20

N\

Tovdawadaaalawa bonadaaaboaaboa e daaats s laa
60 80 100 120 140 180 180 200 220 240 280 280 300

TIME

— - — ‘;L,:—Af Y Y

Aircraft Ground Track

Final Distance = 2, 00 Nautical Miles

Figure 7(a). - Case 5.

33



O True
(O Estimate

E\ \ <o THE (SEC)
/%$ T T_T\:\—r1r T r<¥~&$ﬁ_\P\¢:i: T q ;/}’Jf:y%?7TaT:T:T:i§§?ET*?<t§§/( Y

\ JoN -~
N, I O Pitch
T D Noisy Pitch

E f\,A O Pitch Est
20 40 B0 an 100 120 |‘IYD[HE ISEE]ED K 300
e AT

O True
5 (] selected Est

V\l]l!llfTTTl]llllnn

O Kalman Est
{J Comp Est

GLD DEV.H

T T ]

2!

2

PITCH.DEG
o,

TIHE { SEC)

50 60 80 tun 120 1m0
7—:—|—r—r?]r17]111‘|1|1]111]

20

HOOT.M/S
o

ug
{
|
%
4

&

400

TINE (SEC)

L1l 100 120 140 160 180 200 220 240 268 280 300
‘TT]T7"1]11T]I1('I —l—4—4—?—H~4—CP—l—L4_¢.I—1—J—{P4—J=&=?4—J—J—¢—L—J—L¢PJ]I]TI]

XPDS ER.H
o,
TT T T Ij TT 1T

R R S S O Kalman Est
() Comp Est

200

TT T

TIHE 1 SEC)

T1—f—[_r_T'TTTT1]1IT]]I1IIYI I]lkMMMMMJTI?TTT?D

YPOS ER.M
o

~ O
\"\AMJ

-20

8

O Kalman Est
{7} comp Est

N

TIHE ISEE)

[T R T T
A Ve s

T

2P0S ER,H
—
4
=
4
o

T T 1T

OKalman Est
CJComp Est

YOINE[SEﬁlﬂﬂ 300
B [l
M\r”‘r‘\v\jﬂ1ln17‘r$w w T "[1TT

YOT ER.N/S
|III "‘ulllf‘l—l
% .
E
=
<>4=

Figure 7(). ~ Case 5.

34



LE g

OTrue

" N /—o\«f\Q [Jselected Est
TIHE (SECH N
¢ VAR AR |T1 LN proa T T 7'?" TszTT‘rzT IHWH
w

O True
o [)Selected Est

TIME (SEC)
120 160 0 2 220 280 280 300
g g f 1 A

O True

[] Noisy
Q Estimate

-CRTE.N

XTKRTE.N/S

TIME 1 SEC)
16 240 280 0 300

“n|112im" =r1T2f-r-r—r—|

ROLL,DEG

O Kalman
(O comp

2 TIHE (SEC)

%:u w—t—v—v—?111'm‘qu\_&\111111]ﬂwﬁ71%111&1\w11rﬁn
(O Kalman
DComp

/‘0\0\0_

E‘ 20 0 60 80 100 .m/_’_ﬁn‘lmﬁ?f_—g)/::n 220 240 260 280 300

\&J‘wlllllllllllI;l/]&mll‘ll]]lITj1]l]1lfTWllTTl]']]TTTIﬁ—h‘

2 —0

O Airspeed - VG

CEL ¥.1/S

2 280 300
S = R
ju]

O Kalman Est
4 Comp Est

IME (SEC) \ o\
[:[:] . 100 20 220 280 00
TTY T—l TT T I T B T T‘l_f_j_‘

O Kalman Est
O Comp Est

20 L1
T 1T 11

YOT ER.W/S

@
s /\

& 120 280 300
-

5

5]

Figure 7(c). - Case 5.

(0 True Airspeed Err

35



1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
NASA CR-3574
4_ Title and Subtie TERMINAL AREA AUTOMATIC NAVIGATION, GUIDANCE,| 5. Report Date T
AND CONTROL RESEARCH USING THE MICROWAVE LANDING SYSTEM June 1982 7
(MLLS) PART 4 - TRANSITION PATH RECONSTRUCTION ALONG A 6. Performing Organization Code
STRATIGHT LINE PATH CONTAINING A GLIDESLOPE CHANGE WAYPOINT
7. Author(s) 8. Performing Organization Report No.
Samuel Pines AMA 81-37

10. Work Unit No.

9. Performing Organization Name and Address

Analytical Mechanics Associates, Inc.
17 Research Road
Hampton, Virginia 23666

. Contract or Grant No.

NAS1-15116

12. Sponsoring Agency Name and Address

13.

Type of Report and Period Covered
Contractor Report

National Aeronautics and Space Administration
Washington, DC 20546

14.

Sponsoring Agency Code

15. Supplementary Notes -
Langley Technical Monitor: Richard M. Hueschen

Final Report - Part 4

16. Abstract

This report contains the algorithms necessary for constructing an aircraft flight path which
contains a glideslope change at a waypoint which lies along a straight line.
contains the necessary algorithms to reconstruct the glideslope change waypoint along a
straight line in the event the aircraft encounters a valid MLS update and transition in the
Results of a simulation of the Langley B737 aircraft utilizing these
algorithms are presented. The method is shown to reconstruct the necessary flight path
during MLS transition resulting in zero cross track error, zero track angle error, and

terminal approach area.

zero altitude error, thus requiring minimal aircraft response.

The report also

17. Key Words (Suggested by Author(s}) 18. Distribution Statement

Automatic Landing
Navigation and Guidance
Path Redesign

MLS Navaids Transition

Unclassified - Unlimited

Subject Category 04

20. Security Classif. (of this page)
Unclassified

19. Security Classif. (of this report)

Unclassified 42

21. No. of Pages

22. Price
AO3

For sale by the National Technical Information Service, Springfield, Virginia 22161

NASA-Langley, 1982



